Chapter 5 Distribution, movement and stock structure of three ray species in the North Sea and eastern English Channel
Introduction
Rays and skates (Raja spec.) are a bycatch in the demersal fisheries and most species are landed for consumption, or incidentally in the industrial fisheries (Holden, 1974a; Daan et al, 1990; ICES, 1995) . There is a limited long-line fishery specifically for rays and skates off the British coast. During the 1960's and 1970's a tagging programme on Raja species was initiated in British coastal waters (Holden, 1972) . At that time there was concern at the marked decreases in commercial landings of rays and skates (Holden, 1974a) and it was hoped to carry out stock assessments as a basis for the rational exploitation of elasmobranchs. However, of the data collected, only those from the west coast of Britain have been analysed to date (Holden, 1972) .
Tag and recapture data can be used to identify stock structure and (seasonal) patterns of movement. From a management point of view it is important to know where the centre of the stock(s) can be found and if this is subject to seasonal variation. From the point of view of understanding the reproductive biology of a species it is important to identify if there is a regular migration to and from spawning and/or feeding grounds.
In this paper data from the tagging experiments carried out between 1959 and 1976 in the eastern English Channel and the southern and central North Sea will be analysed. Of the eleven species caught only three will be treated in this paper due to the low rate of tagging and return for the remaining eight. Stock structure and patterns of movement will be identified for the species Raja clavata Linneaus, 1758 (thornback ray), R. montagui Fowler, 1910 (spotted ray) and R. radiata Donovan, 1806 (starry ray).
Materials and Methods

Species releases and recaptures
The experimental area and distribution of species are shown in Figures 1 and 2 . Rays were tagged and released in the North Sea and eastern English Channel between 1959 and 1976 . A total of 3938 rays were released, of which 1053 were subsequently recaptured, representing a total recapture success of nearly 27%. An overview of the release and recapture data is presented in Table 1 . Rays were caught by trawling and tagged collectively, hauls lasted up to 1 h. Species were identified on board and rays were tagged with serially numbered Petersen discs of 14 to 16 mm diameter, attached with stainless steel wire. The fish were released soon after tagging. Release date, position, depth, release station, species, length, sex and tag number were noted for each fish tagged. In some cases the width, condition (good, bruised) and maturity (mature, immature) were also noted. A reward was offered for the return of the tag with information on recapture date, recapture position, fishing gear used and size of fish. If the entire fish was returned, the market value of the fish was also given to the fisherman responsible. Most recaptures came from commercial vessels. 
Data Analysis
The probability of recapture was dependent on the distribution of the fishing effort in the area. The North Sea has been divided into quadrants of 30 x 30 nautical miles (nmi) by ICES (International Council for the Exploration of the Sea). Weight factors (w) have been used as estimated by Rijnsdorp & Pastoors (1995) for each ICES quadrant per month, based on effort data from the international fleet in the 1970's in the North Sea. Migration parameters were modified from Jones (1959, 1976) to take this spatially heterogeneous distribution of fishing effort into account.
The distance between the release position and the centre of the recapture positions (R; in nautical miles nmi) was calculated as follows (Rijnsdorp & Pastoors, 1995 where r s is the individual distance travelled by fish s ( s= 1, , , n); WJ; is the weight factor for quadrant i and month j; and 9 S is the direction travelled by each individual fish in radians. The migration direction of the population (v|/; degrees) was calculated as follows: \\i = VXwjjr s sin6 s /VEwjjr s cos8 s
8=1 S=l
In this paper a stock is defined as "a group with an unimpeded gene flow" (Pitcher and Hart, 1982) .
Results
Releases and returns
Of the 3938 rays released between 1959 and 1976, 1053 were subsequently recaptured, representing 28% and 21% recapture in the North Sea and eastern English Channel, respectively ( Table 1 ). The most abundant species was the thornback ray (Raja clavata), comprising 81% of the releases and 86% of the recaptures. The spotted and starry rays comprised 15% and 4% of the releases and 10% and 4% of the recaptures, respectively. In this paper data analysis for the thornback ray will, therefore, be more extensive than for the other species.
The release areas were distributed throughout the North Sea and eastern Channel, but can be divided into groups per species. For the thornback ray four release areas can be defined in the North Sea: Thames estuary; Flamborough Head (off the north-east coast of England); Broken Banks area (off the north coast of East Anglia); and French/Belgian coast. There were two release areas in the English Channel: off the South coast and south of the Isle of Wight. There was one major release area for the spotted ray in the North Sea, the Banks area off the East Anglia coast; and two in the English Channel, off the South coast and south of the Returns of tagged thomback rays released in the Thames estuary overlapped with those released off Flamborough Head and the Banks area ( Figure  3 ). Eighty percent of the former were recaptured within 40 nmi of the release area with an average of around 25 nmi, whereas the average move in the latter was nearly 50 nmi. The thornbacks off the French/Belgian coast remained on the continental side of the Channel (Figure 3b ). 
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In the English Channel almost all recaptures were close to the coast, rays released in the middle of the Channel (all juveniles 27 to 48 cm) were also recaptured in the coastal area ( Figure 3b ). Seventy-five percent of the recaptures were made withm 30 nmi of the release area. Four individuals travelled much further afield: two were found off the Cornish coast, one near Mont St. Michel in France and one in the mouth of the Thames. Returns of spotted rays from release areas in the North Sea more than 100 nmi apart showed a high degree of overlap, with 80% of the recaptures within 50 nmi of the release point ( Figure 4 ). There were three outliers. Two spotted rays were recaptured off the southern Dutch coast and one north-east of the Dogger Bank. Spotted rays released in the Channel showed a similar pattern of movement to the thornback ray, with recaptures along the coast, also from those released in the middle of the English Channel. In this area, 80% of the rays did not travel more than 20 nmi from their release position.
The recaptures of the starry ray {Raja radiata) from the two release areas showed no overlap ( Figure 5 ), but were represented by predominantly adults (Banks area) or predominantly juveniles (north-east Dogger). Up to 85% of the returns were within 50 nmi of the release area. 
Recapture gear
The recapture gear for a number of tagging experiments is shown in Table 2 . It can be seen that the otter trawl was the most frequent means of recapture. Long-lines were used locally for thornbacks off the south coast of East Anglia and in the eastern English Channel. Beam trawl returns in the North Sea represent spotted rays caught off the Dutch/Belgian coast. The Danish anchor seine was an important means of recapture for the starry ray off the north-east Dogger in 1959, before the advent of beam trawls.
Size structure
In Figures 6-8 the relative length-frequency relationships for the tagged rays are shown. In order to correct for the individual growth between release and recapture, the original length at release has been plotted for both releases and returns. The released and returned rays of all three species showed good agreement in length composition, indicating that no size-selective mortality occurred during the tagging experiments. The smaller length classes (10-25 cm) of the thornback ray were better represented in the English Channel than in the North Sea. In the Channel there were relatively few mature individuals (> 65-70 cm) ( Figure 6 ). The lengthfrequency of thornbacks in the North Sea showed peaks at 30-35 cm and 70-80 cm, representing both juveniles and adults. For the spotted ray, there were no clear peaks in the release length classes, although the recaptures were predominantly between 30 and 60 cm in the Channel and up to 70 cm in the North Sea (Figure 7) . In all areas both adults (> 60-65 cm) and juveniles were present.
The size-frequency of releases and recaptures of the starry ray showed an obvious distinction between the two release areas (Figure 8 ). In the Wash area the rays were predominantly adults (> 40-45 cm) and off the Dogger Bank they were juveniles. Thornback--Channel : 
Seasonal trends in movement
Analysis of the monthly movement of juveniles and adults following release is shown in Figure 9 . Data were pooled for all years. Fish tagged as juveniles and recovered as adults were not included in the analyses. Distance between release area and centre of recaptures was calculated as shown in Materials and Methods and all return data points are shown to indicate the variation in the data. There is no indication of a synchronised seasonal trend in movement of large groups of rays around the release position for any of the species or areas studied. In all but two cases (thornbacks in the Channel and Thames estuary) there were not enough data to estimate movement parameters for juveniles and adults for the entire year. Adult thornback rays in the Thames estuary appeared to remain closer to the release position than the juveniles. In Figure 10 the average monthly positions from one series of tagging experiments carried out in the Thames estuary in September 1969 have been plotted on a map of the area. Adults moved to offshore, relatively deep water (up to 30 m) in the winter months (December to March) and returned to shallow, inshore waters (up to 10 m) in the summer months. The juveniles moved to deeper water (10-30 m) directly following release and remained there most of the year. Migration into and out of an area of 30 nmi radius from the same release area in the Thames estuary, pooled for all years is shown in Figure 11 . This shows a clear seasonal movement, whereby males and females moved into the area in April-June and a small number of females remained there most of the year. It was not possible to analyse seasonal movements for any of the other tagging areas or species due to lack of data.
Discussion
The fact that the returns are almost solely from commercial vessels makes the behavioural interpretation of tagging data complicated because the recapture method is selective, non-random and is determined by fishing practices. However, given the high fisheries intensity, especially in the southern North Sea, it is probable that the data on tagged rays, shown in this paper, give a good representation of the distribution and movements of the stocks found in the North Sea and eastern English Channel.
The thornback ray stock in the North Sea can be visualised as a series of local concentrations with regular exchange of individuals. Individual movements can be up to several hundred kilometres, although the majority of the rays moved no further than 50-60 km from the release site over a period of several years. There are no long range or synchronised migrations of large groups of rays, as has been seen for other fish species such as the dogfish {Squalus acanthias) (Templeman, 1976) and the plaice (Pleuronectes platessa) (Rijnsdorp & Pastoors, 1995) . There was very little exchange of individuals between the eastern English Channel and the North Sea, which suggests that these areas contain separate stocks.
Seasonal spawning migrations of thornback rays have been described off the west coast of Britain and France in which mature fish move to shallow water in early spring to mate (Holden, 1975; Wheeler, 1978; Rousset, 1990b) . The juveniles grow up in the relatively shallow coastal areas before moving offshore. This was not immediately obvious from the pooled tagging data as these were confounded by the fact that distance to release position was not the same as distance in relation to the coast. However, when the data were limited to particular release date or area, i.e. towards and away from the coast and into and out of a particular area, then seasonal movement of adults was seen. The high aggregation of tagged and returned fish in the Thames estuary indicates that this area is an important centre for the North Sea stock of thornback rays.
The absence of thornback ray recaptures off the Dutch coast could be due to two things. A selective non-reporting of tagged rays by the Dutch fishermen or very little east-west exchange of rays. It is impossible to determine the extent of the former, but the limited movement of rays tagged off the French/Belgian coast lend weight to the latter. The current systems and depth profiles of the Dover Strait area probably play a role in determining the movements and exchange of individuals between the North Sea and the eastern English Channel and between the British and continental sides of the two areas. The Dover Strait is a relatively deep (> 40 m) channel with a predominantly north-eastward flowing current, which extends to the north of the Dutch Wadden islands (Eisma, 1990) . This might hamper large scale movements of adults and prevent active transport of eggs an/or juveniles in the east-west direction. However, before the 1960's thornback rays were quite abundant off the sandy shores of Holland and Belgium. Survey data from the Dutch coast show that a decline in numbers of thornback rays occurred in the late 1950's (Walker & Heessen, 1996) . Since the late 1950's rays have been scarce in this area, with only three rays caught in the annual surveys between 1957 and 1994. Numbers in this area have historically been lower than off the British coast (Walker, 1996) and it is unclear if this was a selfsupporting local population, or that the individuals originated from the Thames estuary. The implications for management are that any depletion in numbers in the southern bight would be poorly replenished from elsewhere.
The stock structure of spotted rays (Raja montagui) was similar to that of thornbacks; one stock in the North Sea and one in the eastern English Channel. The species has a Lusitanian distribution, although it is widespread off the west coast of Britain and off the Scottish coast (Stehmann & Bürkel, 1984) . The spotted rays were tagged and released close to the northern limit of their distribution in the southern North Sea which could explain the predominantly southward movement of this species released off the north-east coast of Britain. The species showed no synchronised seasonal movement, but this could be due to the low numbers recaptured; no adults, and only a few juveniles, were caught between June and September. It is assumed that spotted rays mate and spawn in the summer months (Stehmann & Bürkel, 1984) and it is possible that they occupy sheltered nursery areas, where the chance of being caught is much lower than elsewhere. The adults were most abundant around the release area between February and May, having been released there in January.
The starry ray, Raja radiata, was caught further south than would be expected from it's Boreal distribution (Stehmann & Bürkel, 1984) . A comparison with the present distribution shows that starry rays are rarely caught below 54 °N (Kmjn et al., 1993) . Tagging experiments on starry rays carried out off the east coast of Newfoundland between 1962 and 1965 (Templeman, 1984a showed that although most of the individuals remained within 60 nmi of the release area, 13% moved up to 100-240 nmi away. In the North Sea 85% of the released starry rays were recaptured within 50 nmi of the release point and the furthest distance travelled was 97 nmi. This difference could be due to the fact that the fish in the North Sea were recaptured before they had a chance to migrate further or that they moved further afield, but to an area where the chance of being caught was much smaller. Templeman (1984a) found no evidence for spawning migrations but both males and females were equally represented in his data. The starry rays released in April in the Banks area were predominantly mature females, possibly indicating the formation of spawning groups. Those released in February off the Dogger Bank were all immature. All catches were done in offshore areas and it seems that starry rays probably mate and spawn in open sea. The spatial separation of size classes could be indicative of a size-or age-related division of the population. The two experimental areas probably include one stock.
Beam trawling became widespread in the early 1960s and replaced the otter trawl as primary fishing method in Holland and Belgium (Rijnsdorp and van Leeuwen, 1994) . The period described in this paper includes the advent of beam trawlers and data on fishing gear have been divided into before and after 1963. Most of the recaptures represent rays taken in the commercial fisheries as bycatch and even after the beam trawl had been introduced, the returns from this gear for all species were not high, with the exception of the spotted rays mentioned above. This indicates that the distribution of the tagged stocks studied lay outside the primary beam trawl fishing area, which was concentrated on the relatively flat, sandy banks off the continental coast in the southern and south-eastern North Sea (Rijnsdorp and van Leeuwen, 1994) . The returns from the Channel were mostly from coastal fisheries and show a relatively large number of rays smaller than 25-30 cm. This probably indicates the presence of inshore or sheltered nursery grounds. The catchability of rays in the otter trawl is unknown, but although most size classes appear to be caught, size-selectivity is likely.
The three species studied show little overlap in their distribution in the North Sea. The thornback ray is most concentrated in coastal areas, whilst the starry ray and the spotted ray are found predominantly in open sea. Therefore, the spatial niche occupied by ray species appears to be widespread in the area studied, with the exception of the Dutch/Belgian coast, and should be considered as one area for management purposes.
